We present a novel approach to generating radially and azimuthally polarized vector beams that utilize an interferometer constructed from two identical diffractive optical elements. The measured polarization properties of four vector beam states and their phase relationships are in good agreement with theoretical expectations. This interferometer is passively phase stable and robust, making it suitable for linear and nonlinear optical (superresolution) microscopy.
Advances in interferometric fluorescence microscopy 1 have facilitated overall resolution enhancements beyond the diffraction limit to achieve "superresolution". 2 However, most implementations of superresolution rely exclusively on the use of scalar polarized beams. Vector beams have polarizations that are uniform over their cross sections. 3 Further resolution enhancement is expected through the use of vector beams, which exhibit spatially nonuniform polarization. 4, 5 Such beams preserve the axial symmetry of an optical system and are sometimes referred to as "doughnut" or "cylindrical" beams because of their phase singularity, which results in an on-axis null intensity. Two cases, those of radially and azimuthally polarized light, 5 are of special interest. Focusing with a high-numerical-aperture (NA) lens, the radially (azimuthally) polarized beam produces a predominantly longitudinally polarized onaxis electric (magnetic) field in the focal region. 5 Besides the application to microscopy, 6 these beams have utility for mapping the absorption dipole moment of a single molecule 7 and optical particle acceleration. 8 The challenge to the utilization of vector beams has been a robust method of generation. Approaches based on Mach-Zehnder interferometry 4, 9 and on a modified laser resonator 5, 9 have been demonstrated, but both require active phase stabilization. Alternatively, a spatial light modulator may be used 10 but is costly, requires complex algorithms, and can result in undesired diffraction effects because of its pixelation. Another method uses circularly polarized light and space-variant subwavelength gratings to create vector beams. 11 Despite its elegance, the latter approach was demonstrated only at a wavelength of 10.6 m and has not been applied to visible wavelengths. Yet another method uses specially designed twisted nematic liquid-crystal polarizers to generate radially and azimuthally polarized light that entails cumbersome fabrication. 12 We report an experimental arrangement that mitigates these drawbacks and complexities and produces the desired vector beam through the use of a robust passively phase-stable diffractive optical element (DOE) interferometer. The opticfal configuration is related to DOE-based interferometric setups used for optical heterodyne detection transient grating experiments. [13] [14] [15] [16] [17] Interestingly, all these DOEbased schemes are a modification of the original diffraction grating interferometer. 18 Radially and azimuthally polarized beams are typically described as a superposition of two first-order Hermite-Gaussian modes, TEM 10 and TEM 01 . For the radial beams the electric field that represents this superposition is given by
where E 0 ͑r͒ is a radially dependent complex amplitude, is the azimuthal angle, and x and ŷ are the polarization directions. The TEM 10 and TEM 01 modes have polarization directions parallel to the x-axis and the y-axis, respectively. For the azimuthal beam, the polarization directions of the TEM modes (i.e., x and ŷ ) are simply switched in Eq. (1). The experimental setup is depicted in Fig. 1 . A Ti:sapphire laser source (Coherent) produces 800 mW of sub-100 fs-duration pulses at an 80 MHz repetition rate. The pulses are linearly polarized and spectrally centered at 800 nm wavelength; the frac- tional bandwidth of the laser ͑⌬ / ͒ is Ϸ1%. Dispersion is compensated for in advance by a dual-prism arrangement. The vector beams are produced in a DOE-based interferometer, where each DOE has 70% efficiency for a vertically polarized input beam. The DOE (Holoeye Photonics AG) splits each pulse into two first-order diffracted beams (with a 10°angle between them). The intensity of the zeroth-order beam ͑Ϸ2%͒ is blocked, while higher-order beams (±2 , 3, etc.) do not enter the optical system because of their large diffraction angles. The DOE is optimized for an 800 nm center wavelength, so spatial dispersion is minimal. The two beams are subsequently collimated and recombined in (focused into) a second DOE, identical to the first. The zeroth-order (recombined) beam is selected through spatial filtering and imaged onto a CCD camera. Within the Fourier (i.e., collimated) region of this interferometer, the polarization of each beam is rotated to achieve mutual orthogonality; a -phase shift is imparted to half of the wavefront of each beam by way of identical, 0.17 mm thick glass coverslips that can be precisely rotated to adjust the path length (i.e., phase) difference, as depicted in Fig. 2 .
The DOE interferometer is easily adjusted to generate either a radial or an azimuthal beam generator, depending on the setting of each (half-wave) retardation element. With a vertically polarized input beam, one of the beams in the interferometer encounters a half-wave plate (HWP) that produces a horizontally polarized field (beam 1). The other beam (beam 2) goes through an identical HWP set to leave the beam's polarization unchanged (the second HWP ensures temporal overlap of the pulses on recombination). Beam 1 then encounters two glass coverslips that subtend its wavefront into left and right semicircular halves, while beam 2 goes through coverslips that subtend its wavefront into top and bottom semicircular halves (Fig. 2) . The polarization in each hemisphere can be made to oscillate out of phase through control of the orientation of a coverslip in each hemisphere (Ϸ3°rotation equals a -phase shift). Therefore beam 1 results in the creation of the TEM 10 mode, with beam 2 leading to the TEM 01 mode. Both beams are coherently added at the second DOE by satisfying phase-matching conditions. Figure 3(a) shows the resultant radially polarized beam. One observes a doughnut because of the mutual phase cancellation at the center of the beam. The Gaussian beam in Fig. 3(b) is obtained by adjusting a coverslip in each path of the interferometer such that the wavefront of each beam's semicircular half experiences a 0°(rather than a ) phase shift. Identical images are obtained (but not shown) for azimuthally polarized light, created by simply exchanging the polarizations of beams 1 and 2.
A linear polarization analyzer is used to distinguish between radially and azimuthally polarized beams. The results for analyzer angles of 0°, 45°, 90°, and 135°with respect to the horizontal are shown in Fig. 4 . The first column corresponds to the various vector beam states obtainable with the present setup. The remaining columns correspond to intensity as a function of the pass axis of the analyzer as indicated by the arrows in the first row. Rows (a) and (c) are the azimuthal and radial vector beam states, respectively. The images are consistent with theory and with those obtained from other methods for generating radially and azimuthally polarized beams. 9, 10 By placing an additional coverslip in each path of the interferometer, we can control the relative phase between the TEM modes and therefore create other vec- Fig. 2 . Schematic of the procedure for obtaining spatially dependent phase shifts of the semicircular halves of the beams. The relative rotation of the coverslips is exaggerated for clarity. 10 and TEM 01 modes, which is apparent only for the 45°and 135°projections. For the radially (azimuthally) polarized beam, the intensity null is always perpendicular (parallel) to the transmission axis of the analyzer. For example, the horizontal setting of the analyzer (0°position) selects the TEM 01 mode for the azimuthal beam and the TEM 10 mode for the radial beam, and vice versa for the vertical setting of the analyzer. Thus, with either vector beam, the intensity lobes rotate with the axis of the analyzer as described above.
There are two sources of interference in this system. The first comes from the DOE space-time interferometer and is analogous to that in Mach-Zehnder interferometry. The second occurs at the border between the semicircular halves of each beam and is apparent only on focusing. That is, the act of focusing beam 1 (or beam 2) mixes the wave-vector components of each semicircular half in the focal region. If the polarization that belongs to each semicircular half is oscillating in phase ( out of phase) with the other, then the wave vectors add constructively (destructively) at the focus.
We have observed passive phase stability (of fringes) to within 2°for more than 13 h with the present configuration. The result was obtained by measuring intensity fluctuations at spatial locations sensitve to phase changes. For the radially polarized beam, an analyzer was used to select the 45°diago-nal intensity distribution. A 1 mm diameter iris was then placed along the 135°diagonal (except at the midpoint). A photodiode was used to record the intensity fluctuations over time in this region, while a second reference photodiode was used for normalization. The phase drift could then be determined directly. The remarkable stability of this setup lies in the fact that the two beams within the interferometer travel simultaneously through the same refractive optics (lenses) and along parallel beam paths, thus experiencing similar phase perturbations. Limitations on long-term stability are temperature and laserpointing stability. With only small fluctuations of the laser source and minimal air currents within the interferometer, the phase condition remains stable for long periods of time. 16 We have demonstrated the generation of radially and azimuthally polarized beams, as well as two additional vector beam states (quadrupolar-radial and diagonal-azimuthal), from a diffractive optical element interferometer. One can readily switch between these states. The setup is robust and exhibits excellent passive phase stability, making it an attractive light source for microscopy. Other vector beam states can be achieved through the addition of other (e.g., / 4) polarization optics. A modification that is under way uses parabolic focusing mirrors in place of the collimating lenses to reduce material dispersion and spherical abberation. Another increases the interferometer's throughput (currently 10% efficiency) by use of antireflection-coated coverslips and DOEs that are optimized for both vertical and horizontal polarization modes. Research that uses these vector beams for multiphoton microscopy is ongoing. Preliminary measurements indicate a significant improvement in the point-spread function when the radial rather than the Gaussian beam is used.
